Background and Aims
Ile -isoleucine; IUGR -intrauterine growth restriction; LC-MS -liquid chromatography coupled to MS detection; Leu -leucine; lysoPC a -lysophosphatidylcholines; Metmethionine; MNR -moderate maternal nutrition restriction; MRM -multiple reaction monitoring; MS -mass spectrometer; NEFA -nonesterified fatty acids; PC aa -diacylphosphatidylcholines; PC ae -acyl-alkyl-phosphatidylcholines; PCA -principal component analysis; PEPCK -phosphoenolpyruvate carboxykinase; PGC1α -peroxisome proliferatoractivated receptor gamma coactivator 1-alpha; PPARG -peroxisome proliferator activated receptor γ; QC -quality control; Ser -serine; SM -sphingomyelins; Thr -threonine; Valvaline Introduction Sub-optimal nutrition in pregnancy is associated with adverse metabolic offspring outcomes in later life such as reduced glucose tolerance, promotion of an atherogenic lipid profile, higher body mass index (BMI), as well as development of cardiovascular diseases [1] . These outcomes are generally attributed to developmental programming which can be defined as the response to a specific challenge to the mammalian organism during a critical developmental time window [2] . This may alter the trajectory of development, modifying the organism's phenotype with effects on health that can persist throughout the life-course [3] . Several different animal models have been used to examine the effect of reduced maternal nutrition on metabolic disorders. Most studies have been conducted in rodents [4, 5] which cannot simply be extrapolated to humans that have a very different developmental profile from monotocous, precocial species [6] . Thus, studies with nonhuman primates are required in order to understand early development of metabolic diseases in humans. In baboons, moderate maternal nutrition restriction (MNR) has only minor effects on overall fetal growth at 0.5 gestation (G -term 184 days) [7, 8] , but at 0.9G fetuses show intrauterine growth restriction [9] . Decreased maternal nutrition in pregnant baboons was shown to alter the placental nutrient transfer [10] , fetal metabolism [7] and was associated with an increased risk for postnatal adverse outcomes such as insulin resistance [11] . Metabolic adaptations during development in response to decreased fetal nutrition may persist after birth, even when nutrition has returned to the normal range [12] . For instance, fetuses experiencing MNR have increased phosphoenolpyruvate carboxykinase (PEPCK) activity in the fetal liver, indicating elevated gluconeogenesis [13] and they also have higher fasting glucose levels 3.5 years after birth [11] . The aim of the present study was to explore the effects of MNR in pregnancy on the metabolic signature of fetal baboons. Amino acids (AA) are precursors for endogenous gluconeogenesis. Most of the AA are actively transported across the placenta to enter the fetal circulation to support fetal growth [14] . Lipids or fatty acids (FA) are released from placenta into the fetal circulation in the form of nonesterified fatty acids (NEFA) and are esterified in phospholipids by the fetal liver [15] . For this study, we used a subset of samples from a previously published fetal baboon study and analyzed AA, NEFA, and polar lipids (acylcarnitines and phospholipids).
Material and methods

Ethics statement
All procedures performed in studies involving animals were in accordance with the ethical standards of the University of Texas Health Science Center and Southwest National Primate
Research Center Institutional Animal Care and Use Committees. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed.
Animal care
Twenty-seven baboons (Papio hamadryas anubis) from the Southwest National Primate Research Center, San Antonio Texas were studied (Table 1) . Animals were housed in outdoor gang cages providing full social and physical activity [16] . Animals were fed between 7am and 9am or 11am and 1pm as described [16] . Water was continuously available in the feeding cages via individual waterers (Lixit, Napa, CA). Animals received Monkey Diet 15% 5LE0 (≥15% crude protein, ≥4% crude fat, ≥10% crude fiber; Purina, St. Louis, MO). At the start of the feeding period, ad libitum-fed baboons were given 60 biscuits in their individual cage.
Biscuits remaining were counted after baboons returned to their group cage.
Study
Healthy non-pregnant female baboons of similar body weights (10-15 kg) were randomly assigned to one of two group cages in social groups of 10-16 animals, and a vasectomized male. After acclimation to the feeding cages (30 d), a fertile male was substituted. Pregnancy was dated initially by timing of ovulation and changes in sex skin color, and confirmed by ultrasound at 30 d of gestation. From this day on, 12 of the 27 pregnant baboons were fed 70% of food eaten by contemporaneous controls on a per-kilogram basis (maternal nutrition restriction, MNR), while the remaining 15 pregnant baboons were still ad libitum-fed (control, CTR). Before pregnancy, the two groups did not differ in morphometric characteristics [17] (Table 1) .
Standard cesarean sections were performed at 0.5G and 0.9G (term 184 days) after an overnight fast. The umbilical cord was identified and elevated to the incision to enable fetal exsanguination, as approved by the American Veterinary Medical Association. The fetus was removed from the uterus and immediately submitted for morphometric measurements, complete pathologic evaluation, and tissue sampling. The complete fetal liver was removed and half of the sample was taken for this study and immediately flash frozen in liquid nitrogen [18] .
Preparation of liver tissue
Briefly, an aliquot of about 50 mg of the liver tissue was diluted with 600 µl methanol and bead-based homogenized in cryo-vials with a MINILYS homogenizer (Precellys, Bertin Technologies, Montigny-le-Bretonneux, France). Subsequently, samples were centrifuged for 10 min at 23306g (room temperature). 20 µl of the supernatant were transferred and processed as described for plasma and standards.
Determination of metabolites
For analysis of polar lipids, serum, liver extract, and standard solutions were diluted with methanol. After centrifugation, supernatants were injected into a liquid chromatographic system (Agilent 1200 SL series, Waldbronn, Germany) coupled to a triple quadrupole mass spectrometer (4000 QTRAP, AB Sciex, Darmstadt, Germany) with an electrospray ionization (ESI) source. The system was used as flow-injection analysis and the mass spectrometer (MS) was run in Multiple Reaction Monitoring (MRM) mode in positive and negative ionization mode. The analysis was performed for acylcarnitines (Carn), diacyl-phosphatidylcholines (PCaa), acyl-alkyl-phosphatidylcholines (PCae), sphingomyelines (SM), lysophosphatidylcholines (lysoPCa) and sum of hexoses, hereafter referred to as glucose which accounts for more than 80% of this value.
AA analysis was performed as reported previously [19] . Serum, liver extract, and standard solutions were prepared by derivatisation to amino acid butylester, and determined by LC-MS/MS with MRM mode and an atmospheric pressure chemical ionization source operating in positive ionization mode.
Analysis of NEFA was performed as previously reported [20] . Briefly, serum, liver extract, and standard solutions were mixed with isopropanol. After centrifugation the supernatant was 
Data analysis
Statistical data analyses were performed using R (programming language, version 3.0.1).
To quantify the measurement accuracy, six plasma quality control (QC) samples were consistently measured along with the samples. Analytes with a coefficient of variation higher than 15% were excluded from the statistical analyses. Furthermore, analytes with more than 20% missing values were excluded. Outlier analysis was performed for each compartment 
Results
After detection of outliers as described above, two fetal liver samples of different groups were excluded from all statistical analyses (Table 1) . We assume an error during the preparation of the liver samples. Two hundred-six different metabolites were determined in the fetal plasma samples (Supplemental Table 1 ). Out of these, 195 were determined in fetal liver (Supplemental Table 2 ).
0.5G vs. 0.9G
The PCA illustrates a strong grouping by the nature of the sample, either fetal plasma or fetal liver (Supplemental Fig.1 ), and stage of gestation, but there was no grouping according to the different diets. The results of the PCA were confirmed by permutation tests ( Table 2,   Supplemental Tables 1 & 2) . In both feeding groups, fetal liver levels of polyunsaturated NEFA, histidine, polyunsaturated PCaa and polyunsaturated PCae were significantly higher at 0.9G, while NEFA 26:1 and 26:2, aspartic acid, glutamic acid and glycine, saturated PCaa and saturated PCae were significantly lower at 0.9G compared to 0.5G. Comparing glucose levels in fetal liver between 0.5G und 0.9G, a strong increase of glucose both in the CTR group (from 60 to 2013 mmol/kg) and in MNR fetuses (from 51 to 2515 mmol/kg) with age was observed.
In fetal plasma, polyunsaturated NEFA were lower, while polyunsaturated PCae were higher at 0.9G than at 0.5G in both feeding groups.
MNR vs CTR
0.5G
At 0.5G, MNR fetal plasma levels of the short-chain acylcarnitines Carn C3, Carn C4, Carn C5, Carn C6, Carn C8, and Carn C9 were higher compared to those of the CTR group (Fig. 2 , Table 2 ). Furthermore, PCaa C36.2, PCae C36, PCae C36.2, PCae C38:2, SM C34:2, SM C36:2, SM C42:3, SM(OH) C34:2, and SM(OH) C38:2 were significantly higher at 0.5G in the MNR group compared to the CTR group. The sum of short chain Carn, the ratio of Carn C4/Val, the ratio of Carn C3/Ile, and the ratio of the sum of short chain Carn to BCAA were significantly higher in the MNR group compared to CTR in fetal plasma ( Table 2 ). Most interestingly, no metabolite was lower in the MNR group at 0.5G, neither in fetal liver nor in fetal plasma (Table 2) .
0.9G
At 0.9G, the differences of short-chain acylcarnitines between groups were no longer present in fetal plasma (Fig. 2) . The short-chain acylcarnitines C2, C3, C4, C6, and C9 decreased significantly from 0.5G to 0.9G in fetal plasma of the MNR group (Table 2 ), but not in the control group. Additionally, we found lower fetal plasma levels of methionine (Met) and threonine (Thr) as well as lysoPCa C20:4, and NEFA 26:5 in the MNR group compared to CTR group at 0.9G (Fig.2, Table 2 ). In the fetal liver samples, concentrations of NEFA 26:1
and Thr were lower in the MNR group at 0.9G while Carn C12:1, PCaa C34:1, PCaa C38:3, PCae C34:1, PCae C44:4, and SM(OH) C42:4 were higher compared to the CTR group (Table 2 ). The ratios of Carn C3 to Thr, to Val, and to Met as well as Cysteine (Cys) to Met were significantly higher in liver of the MNR group at 0.9G (Table 2) . Furthermore, the ratios of Carn C3 to Met, Thr, Serine (Ser), Val, and Ile only increased significantly in the MNR group (Fig.3) . The total amounts of fetal plasma lysoPCa, PCaa, PCae, and SM increased significantly from 0.5G to 0.9G in fetal plasma of the MNR group, but not in the CTR group (Table 2) . in the MNR than CTR fetuses [21] . This increase was shown to be due to an enhanced activity of PEPCK which results from decreased methylation of the gene's promoter [13] . Formerly, it was assumed that substantial gluconeogenesis only starts to occur` at birth [22] , but more recent publications, using mammalian animal models of intrauterine growth restriction and inadequate maternal nutrition, point towards intra-uterine initiation of gluconeogenesis [13, 23, 24] . In fetal baboons it was shown that the PEPCK protein, a key enzyme in gluconeogenesis, was upregulated in MNR fetuses [13] . Probably, the elevated gluconeogenesis occurs just in MNR, but this shows that the involved enzymes are sensitive to environmental changes, and thus the mechanisms should be available also in the CTR group. However, since fetal gluconeogenesis is particularly shown in MNR and IUGR animal models (see below), elevation of glucose in CTR may also occur by increased placental transport and enrichment in the fetal liver. The unchanged plasma glucose levels between 0.5G and 0.9G may be explained by a balance of glucose supply by the placenta and demand by liver and muscle. Further studies in fetal non-human primates should therefore include analysis of hormones, gene expression, or activity of enzymes involved in gluconeogenesis.
We also found indications for an elevated hepatic lipid uptake. Higher levels of fetal hepatic polyunsaturated NEFA at 0.9G compared to 0.5G and lower levels of plasma polyunsaturated NEFA indicate a stronger absorption by the liver for increased lipid synthesis or energy demand [25] .
MNR vs CTR
Although the MNR mothers received fewer amounts of all macronutrients, including lipids in their diet, the hepatic NEFA levels were not different between MNR and CTR fetuses. The changes over time were similar in both treatment groups, indicating that both MNR mothers and fetuses are able to adapt to the lower nutritional plane. The strength of adaptation of the maternal-fetal system to the moderate nutrition restriction during pregnancy is reflected by the lack of decreased metabolites in the MNR group at 0.5G. This points towards a metabolic adaption already in the first half of pregnancy, most likely reflecting compensatory adaption of maternal metabolism, placental nutrient transfer, and/or fetal metabolism. This is in line with the results published by McDonald et al. who reported no difference in maternal and only small differences of fetal amino acids at 0.5G in nutrient restricted baboons [8] .
Elevated short-and medium-chain Carn levels in fetal plasma of MNR fetuses at 0.5G may reflect increased oxidation of AA [26] or FA in peroxisomes [27] . The sum of short-chain Carn and several ratios quantifying BCAA degradation were significantly higher in the MNR group compared to CTR, which supports the hypothesis of an enhanced BCAA degradation.
Another explanation would be increased placental transfer of ketone-bodies which are subsequently degraded to short-chain FA intermediates for energy provision [25] . At 0.9G, the differences of short-chain Carn between the groups were no longer present in fetal plasma.
Since both groups showed a similar increase in liver glucose, it is clear that MNR fetuses had up-regulated adaptive mechanisms between 0.5 and 0.9G. Previously, it has been demonstrated that cortisol and PEPCK are increased in fetal liver of MNR fetuses [13] pointing towards a higher gluconeogenesis rate of MNR fetuses at 0.9G compared to controls.
Plasma cortisol, a key regulator of PEPCK , is also increased in late-gestation in female offspring born to nutrient-restricted ewes [28] . In vitro effects of glucocorticoids and PEPCK in isolated fetal baboon hepatocytes have been shown by Li et al. [29] . Thus, many facts speak in favor of an elevated gluconeogenesis rate in MNR fetuses and we assume a Tables   Table 1 Characteristics 
